A ll th e plates were taken on a sm all quartz spectrograph w ith (excep t for plate 45 a rather w ide slit. P lates 4 4 e, 44
expan sion w hich sets in a t th e y ie ld p o in t w h ile th e specim en is under load is fu lly retain ed as th e lo a d is rem oved. A lso th a t w ith th e ap p lication o f increasing stress, th e p erm an en t ex p an sion im posed on th e la ttice spacing system a tica lly increases u p to th e u ltim a te stress preceding fracture. I t is found in ad d ition th a t th e sharp changes in th e la ttice spacing a t th e y ield are accom panied b y a strik in g drop in th e in ten sity o f th e X -r a y diffraction ring on w h ich th e spacing m easu rem en ts axe based. T h e exp erim en ts h a v e estab lish ed th a t th e atom ic la ttic e o f a m eta l itse lf p ossesses a y ield p o in t w hich m a r k s th e on set o f perm anent la ttice strains o f an u n ex p ected character an d o f direct tech n ical in terest in con n exion w ith th e m echanical properties o f m eta ls.
I n t r o d u c t io n
In recent w ork a stress-strain curve for th e atom ic la ttice o f pure iron subjected to tensile stress w as determ ined (Sm ith an d W ood 1940a (Sm ith an d W ood , 1941 . This curve gave th e displacem ent o f th e atom s from th e ir norm al positions in th e lattice under stress, an d th e e x te n t o f th e ir recovery w hen a t an y p o in t th e stress w as rem oved. The results revealed some of th e principles governing th e response o f a m etallic la ttice to applied stresses.
In these experim ents, specimens were stretch ed un d er tensile loading. F o r convenience o f technique, th e lattice m easurem ents were concerned w ith th e related contraction w hich tak es place a t rig h t angles to th e stress d irectio n ; th e y referred in p articu lar to th e spacing o f atom ic planes which lay approxim ately parallel to th e stress direction, an d w hich w ould be b rought closer to g eth er as th e specimen extended an d th e cross-section dim inished. The m ain features o f th e results m ay be sum m arized here for reference:
(1) U p to th e ex tern al yield point, th e spacing o f th e atom ic planes contracted in proportion to th e applied stress. W hen th e stress was rem oved th e lattice rev erted to its original dimensions. In th is range th e lattice obeyed H ooke's Law.
(2) B eyond th e external yield point, th e contraction o f th e spacing slowed down as th e stress was increased and quickly reached a lim it.
(3) W hen in this la tte r range th e stress was rem oved, th e lattice spacing did n o t re tu rn to its original value, b u t passed th ro u g h th a t figure and a tta in e d a value g reater th a n th e original. The lattice was left w ith a p e r m an en t expansion. The m agnitude of this expansion grew system atically as th e stress applied to th e specimen increased an d th e cross-section diminished.
The first p oint m ight have been anticipated. The second an d th ird indicated m echanical properties of th e lattice n o t previously observed. A striking inference was th a t th e increase in ap p aren t elastic range, here contraction, which m ay be exhibited by a m etal as th e stress exceeds th e yield point, does n o t arise because the atom s can be forced closer and closer together, b u t because th ey begin th eir m ovem ent from positions which are fu rth er and fu rth er ap art.
In the present work, these experim ents are extended to mild steel. They dem onstrate a fu rth er result, th a t th e lattice of a m etal possesses a 'yield p o in t'.
E x pe r im e n t a l
The ap p aratu s em ployed was a combined tensile testing m achine and back-reflexion X -ray spectrom eter, recently designed for these researches. The principles of the app aratu s have been described in a previous p ap er (Sm ith and W ood 19406) . The changes in external dimensions o f a specimen are given by an extensom eter attach m en t. The changes in a selected atom ic spacing are m easured by changes in diam eter of a sensitive X -ray diffraction ring obtained whilst the specimen is loaded to know n stresses. The m aterial used was a mild steel (0-1 % C), received in th e norm alized condition and given a fu rth er h eat tre a tm e n t a t 950° C for 15 min. and air cooled. The specimens were m achined to th e shape and dimensions shown in figure 1, after which th ey were subjected to a second h e at tr e a t m ent in vacuo similar to th e first, and then etched. The sharpness of th e X -ray reflexions from the grains of th e te st pieces indicated th a t th e stru cture was reasonably free from distortion before th e experim ents were commenced.
The results are best described by considering (a) th e external tensile stress-strain curve o f the m aterial, (6) the lattice stress-strain curve, an d (c) th e changes under slow cycles of stress.
External stress-strain curve
The tensile stress-strain curve for a typical specimen is given in figure 2 . In addition to m easurem ents on the special te st pieces, o th er m easurem ents were made in a stan d ard tensile testing m achine on specimens o f circular cross-section. From these, Poisson's ratio was also determ ined. The characteristics of th e curve differ from those o f th e pure iron previously exam ined (Smith and W ood 1941) ; th e steel exhibits a longer range of prim itive elasticity and a m uch more m arked yield, features which are specially relevant to the aims of the present work. 
Lattice stress-strain curve
In studying th e changes in lattice dimensions, it is m ost convenient to direct th e X -ray beam a t right angles to th e length of th e specimen, in order to avoid th e grips attached to the ends of th e te st piece. The m easure m ents are then related to th e contraction in cross-section which occurs as the specimen is stretched.
A further point is th a t whereas the external m easurem ents represent an integrated effect over a large num ber of anisotropic grains, each of which will behave differently according to its crystallographic orientation relative to the stress direction, the X -ray m easurem ents autom atically divide the grains into groups, and refer to one group a t a tim e. A group is characterized by the feature th a t each m em ber behaves in a sim ilar m anner since it possesses the same orientation w ith respect to th e incident X -ray beam, in order to satisfy the Bragg condition for reflexion on to a particular diffraction ring. In the present experim ents, using cobalt K radiation, the group of grains involved was th a t irk each of which th e (310) atom ic planes were inclined a t \ n -9° to the incident beam, or 9° to th the specimen. These m ay therefore be regarded as approxim ately parallel to the stress direction, and th e perpendicular spacing between them should contract as a load is applied to the specimen. This spacing change plotted against th e applied tensile stress th e n gives th e lattice stress-strain curve shown in figure 3 . This curve suffices to illu strate th e points in th e behaviour of th e atom ic lattice to w hich it is desired to draw a tte n tio n . I t will be seen th a t a t a definite stress, th e curve shows a strongly m arked discontinuity. Below th is stress, th e lattice spacing contracts linearly w ith increasing load. A t th e critical stress, instead o f a continued contraction, th e spacing undergoes an a b ru p t expansion. As th e stress is fu rth er in creased, th e la ttice dim ensions rem ain approxim ately co n stan t in th e ir expanded condition.
This discontinuous change occurs sim ultaneously w ith th e ex tern al yield. As indicated previously, th e m ild steel exhibits a p articu larly well-defined ex tern al yield. B y ta k in g advantage of th is feature, an d showing th a t th e lattice spacing exhibits a correspondingly a b ru p t change a t th e sam e stress, th e relation betw een th e external yield and th e newly observed lattice changes m ay be regarded as established.
T he external yield is defined n o t only by th e increase in th e ra te of ex tern al deform ation w ith stress b u t also b y th e onset o f a different process o f deform ation, th e plastic strain, caused by th e relative tran slatio n o f large groups o f atom s w ithin each grain by irreversible processes of slip an d fragm entation. The above experim ents show th a t th e lattice change a t a yield stress is also m arked b oth by a discontinuity in th e ra te o f deform ation and b y th e appearance of entirely new factors in th e m echanism o f in ternal deform ation. Therefore th e lattice also possesses a tru e 'yield p o in t'. W e propose to term th is th e 'lattice yield p o in t'.
Irreversible lattice strains
The results described in th e present section show th a t th e expansion o f spacing observed a t th e lattice yield point becomes perm anently super im posed on th e lattice dimensions.
Specimens were ta k en through slow cycles of stress an d photographed a t th e peak stress and a t th e zero stress betw een each cycle. A fter an initial photograph under zero stress, th e specimen was photographed under th e load of 1 ton/sq. in. and th en again a t zero stress when this load h ad been rem oved. The specimen was n e x t photographed a t th e stress 2 tons/sq. in. an d th en again a t zero stress. The process was continued u n til fracture, photographs th u s being obtained a t the following sequence of stresses: 0; 1, 0; 2, 0; 3, 0; ... tons/sq. in. I t was possible th a t th e tre a tm e n t im posed in this w ay on th e stru ctu re of the specimens before th e yield point was reached m ight have modified th e characteristics of th e yield. W ith other specimens therefore th e prelim inary cycles were om itted, and th e first cycle was m ade betw een zero stress and a load ju st below th e yield. Also, w ith further specimens, particu lar cycles were exam ined in g reater d etail; photographs were tak en a t interm ediate points on b o th th e in creasing and decreasing halves of th e stress cycle. The tim e ta k en for a th e expansion o f spacing w hich sets in sharply while th e specim en is u n d er load is fully reta in ed as th e load is rem oved. The change is shown b y OMx in figure 4 . As th e stress is fu rth e r increased, th e p erm an en t expansion im posed on th e la ttic e spacing grows from OM1 to OJ\f2, th e value o b tain ed a fte r th e u ltim a te stress h a d been applied to th e specim en. I n th is la tte r respect, th e behaviour o f th e m ild steel resem bles th a t o f th e p ure iron previously investigated. I n th e iron, how ever, th e in te rn a l la ttice stra in set in less a b ru p tly ; th e re w as no large jum p corresponding to OMx. T he difference appears to be due to th e fact th a t th e ex tern al yield w as m uch less m arked th a n in th e m ild steel. The curve again illu strates th e interestin g p o in t th a t, a fte r th e yield point, as th e stress to w hich th e specim en has been su b jected is increased, so th e perm an en t expansion im posed on th e lattic e a fte r th a t stress is rem oved becomes greater. T he a ctu al change in dim ensions ex h ib ited b y th e lattice u n d er a p a rtic u la r stress is th e n th e re s u lta n t o f th e p e r m an en t expansion an d th e o rdinary reversible elastic co n tractio n . T he p erm an en t expansion effect, how ever, increases w ith th e higher stress values a t such a ra te th a t th e re su lta n t co n tractio n observed n ev er exceeds a lim iting value. There is th u s a lim it to th e contraction o f th e la ttic e under stress. Also, th e a p p aren t increase in elastic range a t th e higher stresses arises because th e atom s m ove betw een th e position o f lim ited contraction an d a continually expanded zero position. T he la ttic e expansion effect th u s plays a p rim ary p a rt in determ ining th e m echanical properties o f a m etal.
Effect o f yield on X -ra y diffraction intensities
In addition to th e sharp changes in th e la ttice spacings a t th e yield, i t was found th a t th e in ten sity o f th e (310) diffraction ring un d er o bservation exhibited a m arked drop.
The effect is am ply illu strated on com parison o f figures 5 an d 6 (plate 46); figure 5 shows th e diffraction ring w hen stressed to a value ju s t before yield, and figure 6 im m ediately a fte r yield, th e exposure conditions being th e sam e. To ensure constancy in reproduction, th e original negatives have been p rin ted and subsequently processed sim ultaneously. F o r stu d y in g th e in ten sity changes of th is type, a check w as k e p t on th e o u tp u t o f th e X -ra y tu b e so th a t th e exposure given to th e specimen should be standardized. The X -ray tu b e possessed tw o windows on opposite sides an d sym m etrically placed w ith respect to th e focal line on th e ta rg e t. On one side o f th e tu b e was th e X -ray and tensile testing ap p aratu s, an d on th e o th er a second X -ray back-reflexion spectrom eter. A stan d a rd specim en in th is spectro-m eter could th u s be exposed sim ultaneously w ith th e te st specimen. T he in tensity o f the diffraction ring from th e sta n d a rd th u s bore, for all practical purposes, a constant ratio to th a t from th e te s t specimen. I f th e in ten sity from th e stan d ard was the same in th e tw o exposures given, for instance, to th e te st specimen before and a fte r yield, th e n it could be safely assum ed th a t changes in intensity of reflexion from th e la tte r w ere due only to changes in th e specimen itself. This was th e case in figures 5 an d 6. A ctually th e change is large, and well beyond possible experim ental error. In fact, it was necessary to increase th e in te n sity o f reflexion from a specimen after yield had occurred by doubling th e pow er p u t th ro u g h th e X -ray tube in order to bring up th e in ten sity to th e sam e order as th a t o f th e diffraction rings obtained before yield, so th a t th e diam eters m ight be effectively m easured. The drop in in ten sity a t th e yield p o in t is of th e order of 50 %. In practice, the in tensity changes m ay u ltim a te ly prove a m ore sensitive indicator of the perm anent lattice strain s th a n th e changes in lattice spacing. Also th e y m ay be more easily applied in technical testing, since th e in tensity m easurem ents do n o t call for th e exacting experim ental conditions required to m easure small spacing changes.
The effect of th e lattice yield on th e X -ray spectrum is th u s analogous to th e effect of raising th e tem p eratu re o f th e specimen. E ach w ould produce an expansion of spacing, and each w ould cause a reduction in th e peak in tensity o f the X -ray diffraction ring.
Quantitative measurements
The relation betw een th e diam eters o f th e diffraction rings from th e (310) planes and th e spacing of th e planes was linear w ithin th e range o f variation. A change of 1 m m . in diam eter corresponded to a percentage change of spacing of 0-037 %.
The following m easurem ents are of special in te re s t: (i) In th e initial elastic range of th e lattice stress-strain curve th e con tractio n of th e (310) spacing per u n it increase o f stress (ton/sq. in.) is 0-00275 %.
This value obtains when th e planes are inclined a t 9° to th e len g th o f th e specimen. The corresponding contraction if th e planes were actu ally parallel to th e length of the specimen, and th e ir spacing th u s perpendicular to th e stress direction, should be given approxim ately b y dividing b y cos 9°. The contraction is th e n 0-0028 %.
(ii) The corresponding external elastic contraction o f th e specimen, also in th e direction perpendicular to th e stress direction, is given b y th e m easured extension and Poisson's ratio. This value of th e contraction is 0-0022 %. I t will be noted th a t th e value is n o t identical w ith (i), a difference ascribed to th e fact th a t th e grains are n o t isotropic.
(iii) The perm anent expansion o f spacing w hich sets in a t th e lattice yield point, OMx in figure 4 , is 0-03 %.
The m agnitude finally reached by th e p erm an en t expansion effect prior to fracture, OM2 in figure 4, is 0-07 %. This expansion is actually greater th a n th e m axim um elastic contraction which is reached under th e stress of 16 tons/sq. in. near th e extrem e of the initial elastic range. The figure for th e contraction a t th a t point is 0-04 %. As a m a tte r of interest, tak in g th e linear coefficient of expansion as 11 x 10~6, th e rise in tem p eratu re required to produce th e expansion OM% would be 64° C.
D isc u ssio n
The observations described in this paper clearly establish th e presence o f a yield point in th e atom ic lattice of a m etal under stress, and th e existence of significant properties of the lattice itself which are revealed a t th e yield point. These results m ark a definite step in th e recent studies on th e structure of a m etal in relation to its m echanical properties. I t m ay be of interest a t this stage to sum m arize some of th e points which have emerged and which appear to play a leading p a rt in th e behaviour o f the m etallic state.
F irst is th e existence of a lower lim iting crystallite size. I t has been established th a t th e grains break down rapidly on plastic deform ation into com ponent p a rts of widely varying orientations, b u t this fragm entation does not proceed beyond a definite lower lim it of size, depending on th e m etal. This indicates potential units of stru ctu re in th e m etallic grain; these have been term ed crystallites (Wood 1939) .
Secondly, there is a characteristic sequence in th e stru ctu ral changes on deform ation. U p to the yield point, the degree of fragm entation is negli gible. The break-dow n commences a t the yield and approaches th e lim it as the fracture stage is reached. A fter very severe deform ation, such as th a t obtainable by such processes as cold rolling, th e crystallites finally assume a well-defined preferred orientation (Wood 1932 (Wood , 1940 .
Thirdly, there is a speed effect. I t has been shown th a t th e frag m en ta tio n m ay be inhibited under alternating stresses when th e frequency of alternation is high, even though the peak of th e cycle employed is con siderably in excess of the static yield point of th e m aterial (Wood and Thorpe 1940).
F ourthly, th e grains in a polycrystalline m etal u n d er stress m ay change in dimensions a t different rates. The percentage change o f dim ensions m easured in a given direction will th en v ary from grain to grain according to its crystallographic orientation relative to th e direction o f th e applied stress (Smith and W ood 19406) . Consequently a critical condition will develop a t th e boundaries o f neighbouring grains w hich have different orientations. W e have suggested th a t this condition m ay be th e cause o f th e a b ru p t fragm entation which is a feature of th e yield point, w here th e grains a tte m p t to preserve continuity of stru ctu re by form ing a set of interm ediate orientations. In this connexion it is o f in terest to note th a t th e e x ten t o f th e fragm entation for a given degree o f plastic deform ation is more m arked in a polycrystalline m etal th a n in a single large m etal crystal; in the la tte r th e ra te of deform ation from p oint to p o in t is n o t com plicated by a b ru p t changes in crystallographic orientation. I t is fu rth er of interest th a t by assuming a preferred orientation after p a rtic u larly severe deform ation, as indicated above, th e crystallites te n d to re v e rt a poly crystalline specimen to th e form of a single crystal, an d th ereb y again dim inish th e disruptive effect of th e differential ra te o f stra in from point to point.
Finally, we have th e new aspects, as described in th e present paper, which arise from direct exam ination of th e behaviour of th e atom ic lattice itself w hilst under lo a d ; of these, perhaps th e m ost im p o rtan t is th e o b servation of a lattice yield p oint and th e system atic grow th in th e lattice of an internal strain which is stable a t room tem p eratu re an d w hich is o f im m ediate interest in th e technical testing of m etals.
The work described above has been carried o u t as p a rt of th e research program m e of th e N ational Physical L aboratory, an d th is p ap er is published by permission of th e D irector of th e L aboratory.
